Acidified sodium chlorite cleaves isodityrosine and solubilizes covalently bound hydroxyproline-rich material from cell walls. This has been taken as evidence that isodityrosine acts as a cross-link holding the hydroxyproline-rich glycoprotein extensin in the cell wall. However, acidified chlorite was found to cleave peptide bonds in salt-soluble extensin and in bovine serum albumin (BSA). This invalidates the use of conventional acidified chlorite treatment to provide evidence for isodityrosine crosslinks. The rafto of BSA:chlorite was important in determining peptidyl cleavage. At a ratio of 0.75:1.00 (mole amino acid residues/mole chlorite), or higher, peptidyl cleavage was not detected. Furthermore, in samples where a low concentration of radioactive extensin was present, BSA substantially protected the peptide bonds of the extensin against peptidyl cleavage during treatment with acidified chlorite, while not preventing the cleavage of isodityrosine. Therefore, acidified sodium chlorite plus BSA was a more specific reagent for the cleavage of isodityrosine than was acidified chlorite alone. This modified treatment solubilized in intact form the 'covalently bound' extensin from cell walls of Capsicum frutescens (chili pepper) suspension cultures, providing new evidence compatible with the view that extensin molecules are held in the cell wall by isodityrosine cross-links.
Plant cell walls contain the HRGP2 called extensin, which forms an insoluble and perhaps structurally important network (13) . Mature extensin is insoluble in many of the usual protein extractants such as detergents (8) , salts (24) , dilute acids and alkalis (14) , PAW (present paper), and anhydrous hydrogen fluoride (16) and is therefore thought to be covalently bound within the cell wall. This insolubility hindered the study ofextensin until the isolation ofsalt-soluble extensin precursors (monomers ofMr about 9 x 104) from cell suspension cultures (21) and wounded carrot disks (4, 23) , which has enabled progress on extensin's structure and properties to be made in recent years (see review, ref. 26) . The mechanism by which extensin monomers become covalently bound in ' K. J. B. thanks the U.K. Agricultural and Food Research Council for a Cooperative Studentship Award. 2 Abbreviations: HRGP, hydroxyproline-rich glycoprotein; HVPE, high voltage paper electrophoresis; Idt, isodityrosine; ka., elution volume relative to that of Blue Dextran (k.,. = 0.00) and sucrose (k,a. the wall network is unknown, but the isolation ofthe phenolic amino acid isodityrosine (an oxidatively coupled dimer of tyrosine units linked by a diphenylether bridge) from cell wall hydrolysates (8) led to the suggestion that isodityrosine could form inter-polypeptide cross-links between extensin molecules (2, 9) .
Studies on isolated carrot root disks (4, 5) showed that newly synthesized extensin monomers were secreted from the cytoplasm and were slowly insolubilized in the walls. Insolubilization was accompanied by isodityrosine formation, but it was not proven that the isodityrosine formed was responsible for insolubilization.
In another study HRGP was solubilized from bean cell walls by treatment with acidified chlorite (17, 19, 20) , a reagent that is extensively used for delignification and known to split phenolic linkages (6) . In addition to an ability to solubilize HRGP, acidified chlorite has been shown to degrade pure isodityrosine (8, 9) and, taken together, these findings seemed to provide indirect evidence for the hypothesis that isodityrosine is the intermolecular bridge responsible for extensin cross-linking.
In this paper we explore further the effect of acidified chlorite upon extensin and show that the reagent cleaves peptide bonds as well as phenolic ether bonds. Therefore, solubilization of covalently bound extensin by conventional chlorite treatments cannot provide valid evidence for the presence of isodityrosine bridges. Here we describe a simple method for greatly reducing peptidyl cleavage so that acidified chlorite can be used as a more specific reagent for the cleavage of isodityrosine. We find that covalently bound extensin is still solubilized by this treatment, providing firmer evidence for isodityrosine bridges.
MATERIALS AND METHODS Suspension Cultures
Cell suspension cultures of Capsicumfrutescens (a gift from Dr. Robert Hall and Sue Holland, Botany Department, University ofEdinburgh) were grown in 250-mL flasks containing 50 mL Schenk and Hildebrandt medium (18) (supplemented with 0.5 mg/L 2,4-D, 0.1 mg/L kinetin, and 30g/L sucrose), agitated on an orbital shaker (diameter of orbit = 1.3 cm) at 90 revolutions/min at 25°C under continuous dim lighting. Cells were subcultured fortnightly to an initial packed cell volume of about 10%. Other cell suspension cultures were kindly donated by several of our colleagues in the Botany Department, University of Edinburgh.
Cell Wall Isolation
Cells were filtered on muslin, frozen, thawed, and suspended in 20 mM Hepes containing 10 mm ascorbic acid (pH adjusted to 7.0 with NaOH). Cells were ground with a pestle and mortar to break up large lumps and then were sonicated three times for periods of 2 min with a 9.5 mm titanium probe in a Soniprep 150 (23 kHz, 18 ,m amplitute) (MSE Instruments, Crawley, Sussex, UK). After centrifugation at 2500g for 5 min, the cell wall pellet was suspended in PAW and stirred for 4 to 6 h at 20°C to remove proteins not covalently bound to the cell walls. The wall suspension was centrifuged as before and the PAW extraction was repeated several times until no further protein was detected in the supernatant (i.e. the PAW solution produced no precipitate when 1 mL of it was mixed with 50 ,uL of 10% (w/v) ammonium formate plus 5 mL of acetone and stored at 4°C for 1 h). A substantial proportion of the hydroxyproline residues were not removed from the cell walls by PAW presumably representing the covalently bound, mature extensin. The PAW-washed wall pellet was washed thoroughly with water and freeze-dried. Hepes) , and applied to a 10-mL column of SP-50 Sephadex (Na+ form) equilibrated with solution C. When nonradioactive extensin was being chromatographed, a small portion of [arabinosyl-3H]extensin monomer was added to the sample to determine binding to, and recovery from, the column. A stepwise pH gradient (pH 7.5-11.5) at constant Na+ concentration (0.1 M) was applied; counterions used were Hepes (pH 7.5 and 8.0), Taps (pH 8.5 and 9.0), and carbonate (pH 9.5-11.5). Fractions were monitored for pH, radioactivity and A280.
Gel-Permeation Chromatography
Radioactive, salt-soluble glycoprotein was analyzed on a Sepharose CL-6B column (1.5 x 49 cm) or on Sephacryl S-400 (1.5 x 48 cm or 1.5 x 158 cm), eluted with 1 M sodium chloride containing 20 mm Mes (pH 6.1) at 20 mL/h. Fractions were assayed by scintillation counting.
Amino Acid Analysis
Nonradioactive extensin was acid-hydrolyzed in 6 N HCI containing 10 mM phenol at 1 10°C for 18 h and was dried in vacuo. Amino acids were analyzed on a Waters Pico-Tag HPLC system (25) . Precolumn derivitization of the sample with phenylisothiocyanate was followed by reversed-phase HPLC on a Nova-Pak C18 column (3.9 x 150 mm) maintained at 38°C. The solvents were: (D) 940 mL of 0.14 M sodium acetate containing 0.05% (v/v) triethylamine (final pH adjusted to pH 6.1 with acetic acid) mixed with 60 mL acetonitrile; (E) acetonitrile:water (3:2, v/v). A convex gradient was used from 100% D/0% E to 54% D/46% E, at 1 mL/min for 15 min (25) . Detection was by A254.
HPLC Gel-Permeation Chromatography
Samples of BSA were analyzed on a Zorbax Bioseries GF 250 column (9.4 x 250 mm) eluted with 0.1 M NaH2PO4/ Na2HPO4 (pH 7.0) at 1 mL/min. Peaks were monitored with a refractive index detector; this was considered more reliable than UV-absorbance because chlorite destroys tyrosine, an UV-absorbing amino acid.
Measurement of Isodityrosine Degradation
Isodityrosine was prepared as described before (10) . It was analyzed by TLC on silica-gel plates developed in (a) 80% (w/v) phenol or (b) propan-1-ol:25% (w/v) aqueous ammonia 
Hydroxyproline-Oligoarabinoside Analysis
Freeze-dried, radioactive samples were treated with 0.36 N Ba(OH)2 in sealed tubes at 105°C for 18 h. Ba(OH)2 was then neutralized with CO2 (dry ice) to the end-point of bromothymol blue (blue--yellow), the precipitated BaCO3 removed by centrifugation and the supernatant dried in vacuo. Hydrolysis products were separated by HVPE at pH 2.0 on Whatman 3MM paper (electrical path length = 80 cm) at 2 kV for 2.5 h. The buffer used was formic acid:acetic acid:water (1:4:45, v/v/v). Strips of the dried electrophoretogram were assayed by scintillation counting.
RESULTS

Purification and Characterization of Extensin Monomer from Spinach
Spinach was the preferred source of salt-soluble extensin monomer because it contains very little isodityrosine (8) . Extensin that had been leached from living, cultured spinach cells with LaCl3 bound efficiently (98%) to SP-50 Sephadex and eluted as a single peak (59% recovered) at pH 9.0 to 9.5 ( Fig. 1 ), indicating a highly basic (glyco)protein. Further purification of this material by gel-permeation chromatography on Sepharose CL-6B gave one prominent peak (SI; ka,. 0.4) with a minor shoulder (Fig. 2) . SI contained 31.8 mol% hydroxyproline and was rich in serine, valine, tyrosine, lysine, and histidine (Table II) (Table  I) , suggesting a high content of cross-linked extensin.
Amino acid analysis of a sample of hydrolyzed, PAWwashed walls from cultured Capsicum cells (Table II) revealed that isodityrosine was present at 0.70 mol/100 mol amino acid residues and was related to the hydroxyproline content (13.15 mol%) in the ratio of hydroxyproline:isodityrosine = 19:1. The Capsicum culture was therefore regarded as suitable for an investigation of the possible cross-linking role of isodityrosine in extensin.
Acidified Chlorite Solubilizes Hydroxyproline-Rich Material from Capsicum Cell Walls
We were able to confirm previous reports (16, 17 ) that hydroxyproline-rich material can be solubilized from PAWwashed cell walls with warm, acidified sodium chlorite. Cell walls, isolated from a Capsicum culture that had been fed with [3H]proline, were treated with acidified chlorite at 70°C under a variety of conditions (Table III) ; over 80% of the wall-bound radioactivity was solubilized after a single 1 5-min treatment. Longer, or repeated, treatments were not more effective. Heating at the same pH in the absence of chlorite was ineffective (Table III) .
Acidified Chlorite Degrades Extensin Monomer
For the forgoing to provide evidence for isodityrosine bridges, it must be established that treatment with acidified chlorite does not break the polypeptide backbone of extensin. However, acidified chlorite treatment was found to degrade extensin, even when milder conditions were used than those described in Table III . Gel-permeation chromatography (on Sepharose CL-6B) of salt-soluble spinach [U-'4C]extensin, before and after treatment with acidified chlorite, showed that whereas untreated extensin monomer had a high apparent Mr (k1,. 0.4), the treated extensin monomer appeared to be smaller and more widely dispersed in size (kav. 0.5-0.9) (Fig.   3a ).
Chlorite-treated [arabinosyl-3H]extensin showed an equivalent shift in kay. (data not shown). Little 3H eluted at V,, confirming that arabinose residues were not being appreciably hydrolyzed during treatment (any [1-3H] arabinose released would have been converted by the chlorite to 3H20, which has ka, = 1.0). Acidified Chlorite Degrades BSA HPLC gel-permeation chromatography showed that the sharp peak due to BSA (elution time 16.3 min; Fig. 4a) completely disappeared when the protein was treated with acidified chlorite (Fig. 4b) . Since the BSA did not precipitate during or after the treatment, the result indicates cleavage of peptide bonds. With a higher BSA:chlorite ratio, cleavage of peptide bonds was undetectable (Fig. 4c) . A survey of conditions (Table IV) the presence of BSA gave a 14C-elution profile (Fig. 3b ) almost identical to that given by untreated extensin (Fig. 3a) . Thus the presence of BSA prevented acidified sodium chlorite from causing any detectable peptide cleavage of the extensin backbone, i.e. the nonradioactive protein acted as a protectant.
Acidified Chlorite Still Degrades Isodityrosine in the Presence of BSA Isodityrosine, treated with acidified chlorite (pH 3.4) in the absence and presence of BSA, was analyzed by TLC. In the absence of BSA, isodityrosine was rapidly broken down by acidified chlorite treatment and cleavage was essentially complete after 5 min treatment (Fig. 5) . The isodityrosine was initially broken down to tyrosine (data not shown; cf 8, 9) and this was later degraded to ninhydrin-negative products. Production of tyrosine demonstrates that chlorite can cleave the diphenyl ether bond of isodityrosine but it is probable that cleavage of isodityrosine also involves other reactions (cf 6). In the presence of BSA, isodityrosine was still broken down by acidified chlorite treatment. At a BSA (amino acid residues):chlorite ratio of 0.15:1, where peptide bond cleavage did occur, there was little effect upon the rate of isodityrosine breakdown; at a ratio of 0.91:1, where peptidyl cleavage was undetectable, the rate of isodityrosine breakdown decreased but was still high enough to be useful (about 25% degradation within 5 min).
Solubilization of Intact Extensin from Capsicum Cell Walls by LaCI3 and by Chlorite Living Capsicum cells that had been fed [3H]proline were leached with LaC13 as described for spinach and the products analyzed by gel-permeation chromatography on Sephacryl S-400. The major peak obtained had kay. = 0.55 (Fig. 6 ).
Alkaline hydrolysis and HVPE (Fig. 7) yielded much of the 3H as hydroxyproline-oligoarabinosides, apparently mainly the tetra-arabinoside (1 1), which are characteristic ofextensin.
Walls isolated from Capsicum cells that had been fed [3H] proline were washed in PAW, suspended in 0.6% (w/v) BSA, and treated with 0.6% (w/v) acidified chlorite at 60TC. Radio- activity was solubilized at a linear rate for at least 30 min (about 25% within 30 min). The material solubilized after 5 min was analyzed by gel-permeation chromatography on Sephacryl S-400, and the elution profile (Fig. 8) showed that a major peak of extensin monomer (kv. = 0.56) and a smaller peak of lower-Mr material had been solubilized. A shoulder on the monomer peak contained radioactive material of higher apparent Mr (kav. = 0.43), possibly extensin dimers.
None ofthese peaks was obtained in significant quantity from walls heated at pH 3.4 in the absence of chlorite (data not shown; cf. 1). Alkaline hydrolysis and HVPE of a portion of the main peak (k.,. = 0.56) and shoulder (kv. = 0.43) confirmed that much ofthe 3H was again associated with hydroxyproline oligoarabinosides and was thus likely to be present in extensin.
Walls isolated from Capsicum cells that had been fed [3H] arabinose were also treated with acidified chlorite and BSA as above. Material solubilized after 5 min treatment was analyzed by gel permeation chromatography on Sephacryl S-400 (Fig. 8) ; the elution profile was similar to that of the above experiment but less low-Mr material was produced.
DISCUSSION
Capsicum frutescens was the most efficient, of the cultures tested, at incorporating [3H]proline into the hydroxyproline residues of PAW-insoluble (glyco)protein. This suggests that Capsicum cell walls are rich in covalently bound extensin and therefore a good system in which to study the mechanism of covalent bonding. The PAW-washed walls of cultured Capsicum cells had a ratio ofhydroxyproline:isodityrosine of 19: 1. This agrees well with the ratio of about 15:1 found in other cell-wall hydrolysates (8) . Assuming a degree of polymerization of about 274 for the polypeptide backbone of extensin (3) and a composition of 30 to 40 mol hydroxyproline residues per 100 mol amino acid residues (Table II) , the 19:1 ratio indicates 8 to 12 half-isodityrosine residues per molecule of extensin. If these isodityrosine residues formed inter-polypeptide bridges, they would be sufficient to cross-link the extensin into a three-dimensional network (8) . However, evidence for inter-polypeptide isodityrosine residues is elusive. Intrapolypeptide isodityrosine has been found in tomato extensin (7), forming the tight loop -/2Idt-Lys-1/2Idt-and any such isodityrosine would not make true cross-links; however, the sequence -Tyr-Lys-Tyr-is not present in all extensins (15) and so the prevalence of intrapolypeptide isodityrosine bridges also awaits clarification.
Warm, acidified chlorite solubilizes hydroxyproline-rich material from cell walls, and it has been proposed that this occurs by cleavage of phenolic cross-links (8, 17) . However, we now report that conventional treatments with chlorite caused degradation of monomeric extensin: the decrease in apparent Mr was not accompanied by the formation of monoor oligosaccharides, demonstrating that the effect was not due to a conformational change by removal of arabinose sidechains. The kav. (0.5-0.9) for treated extensin monomer indicated that the degradation products were larger than amino acids or oligopeptides, and this suggests that only a small proportion of peptide bonds was being cleaved. Oxidation of lysine to a-aminoadipic acid by chlorite (17) would change the charge on the extensin, but this would be expected to have relatively little effect on behavior upon gel-permeation chromatography because 1 M NaCl was used as eluent. Apparent cleavage of peptide bonds was also noted in BSA and may thus be general to all proteins. This finding is contrary to that reported by O'Neill and Selvendran (17) , who detected no significant degradation of lysozyme by acidified chlorite (their lysozyme eluted from Sephadex G-100 at 2.5 to 3.0 bed volumes, both before and after chlorite treatment). We conclude that solubilization of hydroxyproline-rich material by conventional treatments with chlorite does not give valid evidence for phenolic cross-links.
The ratio of protein (amino acid residues):chlorite was important in predicting the occurrence of peptidyl cleavage and at equimolar ratios no cleavage was detected. Furthermore, in extensin samples where acidified chlorite was present in excess, BSA could be used to prevent any detectable peptidyl cleavage of extensin monomer. Degradation of isodityrosine was reduced but not prevented by BSA. Application of acidified chlorite to cell walls in the presence of BSA resulted in the solubilization of some intact extensin monomer, as determined by its behavior upon gel-permeation chromatography and by its hydroxyproline-oligoarabinoside content. We suggest that under these conditions, where acidified sodium chlorite is acting as a more specific cleavage reagent, the intact extensin monomer is solubilized by cleavage of phenolic cross-links. The additional peak of [3H](hydroxy)proline-labeled lower-Mr material (kay. 0.7-0.9; Fig. 8 ) might be taken to indicate that BSA protects wall-bound extensin against peptidyl cleavage less well than it protects soluble extensin (Fig. 3) . However, the kay. 0.7 to 0.9 peak had a much lower ratio of [3H]arabinose:[3H](hydroxy)proline residues than did the kav. 0.56 peak (Fig. 8) . We therefore believe that this lower-Mr material was largely composed of protein(s) unrelated to extensin and this will be the subject of a future investigation.
Gel-permeation chromatography of Capsicum extensin monomer solubilized by salt (Fig. 6) or by acidified chlorite plus BSA (Fig. 8) gave the same ka,. (0.55-0.56) on Sephacryl S-400. Calibration of the column with dextran standards gave an estimated Mr of 8 to 10 x 104 for Capsicum extensin, which agrees closely with estimates of 9 x 104 (24) . It would appear that random-coil dextrans are preferable to globular proteins as markers for the determination of the Mr of extended, rod-shaped extensin molecules which are suggested to move through the gel matrix by reptation (12) .
The mechanism by which added BSA minimizes the cleavage ofpeptide bonds (both its own and those ofother proteins) by warm, acidified chlorite is unknown. Equimolar amino acid residues block the peptide-bond-breaking activity ofacidified chlorite, although most of the amino acid residues are unchanged at the end of the incubation, suggesting that the effect of the amino acid residues is to disarm either (a) a minor reaction-product formed from chlorite during heating at pH 3.4 or (b) a contaminant of the chlorite, but not the chlorite itself. The commercial sodium chlorite used is quoted as 80% pure and known impurities include NaCl (12%), Na2CO3 (2-3%), and NaCl03 (trace) (BDH Chemicals Ltd). Recrystallization of the sodium chlorite from hot water immediately before use removed all impurities detectable by ionchromatography (1) , but the purified chlorite affected peptide bonds in a manner indistinguishable from that of the crude chlorite (data not shown; cf. 1). A product, rather than a contaminant, of the chlorite is therefore suspected to be responsible for peptide bond cleavage. The fact that chlorite plus BSA was able to degrade isodityrosine (albeit at a reduced rate) but not peptide bonds suggests that isodityrosine is more vulnerable to attack by chlorite than are peptide bonds, or that the degradation is by a different mechanism.
In conclusion, solubilization of intact extensin molecules by cleavage with acidified chlorite in the presence of BSA is in agreement with, and provides further evidence for, the hypothesis that extensin monomers are cross-linked into an insoluble network within the cell wall by the dimeric phenolic amino acid isodityrosine.
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